To test whether the promoters of two immediate-early genes from frog virus 3 were similar in nucleotide sequence, we 
Frog virus 3 (FV3), a large icosahedral DNA virus containing a linear, double-stranded genome of 170 kilobase pairs, belongs to the genus Ranavirus of the family Iridoviridae (35) . Although transcription of viral mRNA takes place in the nucleus and requires the host RNA polymerase 11 (9) , the mature virus particles are assembled in the cytoplasm (for a review, see reference 35) . FV3 provides an excellent model system for examining virus-specific macromolecular synthesis, since infection rapidly shuts down host-cell synthesis, making it possible to incorporate radioisotopes predominantly into viral protein, DNA, or RNA (1, 16) . By examining the kinetics of [3H]uridine-labeled RNA synthesis in FV3-infected cells, Willis et al. (37) found that FV3 mRNA could be subdivided into three temporal classes: immediate early, delayed early, and late. The immediateearly class contains those RNAs synthesized in the presence of cycloheximide (39) . The delayed-early class contains the immediate-early RNA plus additional RNAs formed in the presence of the amino acid analog fluorophenylalanine, and the late class contains the full array of viral RNA formed in the absence of inhibitors (39) . The ability to distinguish these three classes with drugs that prevent (cycloheximide) or restrict (fluorophenylalanine) protein synthesis suggests that at least two distinct proteins are needed to temporally regulate FV3 transcription (11) .
As a step towards further understanding of transcriptional regulation in FV3, we have begun to examine the structure and regulation of representative members of the immediateearly, delayed-early, and late gene classes. Here we report the cloning, sequencing, and initial promoter analysis of the gene for the immediate-early infected-cell RNA (ICR489) that encodes an infected-cell protein of approximately 46 kilodaltons (kDa) (ICP46). This gene is of particular interest because its mRNA is overexpressed in the presence of cycloheximide, suggesting that its expression may normally be controlled by an immediate-early repressor protein (39) . In addition, it is the second of two immediate-early genes * Corresponding author. sequenced in this laboratory; the first encoded ICR169 (33) . The results reported in this paper demonstrate that the concomitant temporal regulation of these two genes is not associated with similar promoter sequences. (33) . Viral RNA species were separated by electrophoresis in acid urea-agarose gels (20) , and the desired bands of labeled RNA were eluted from the gels and purified by the procedure of Landridge et al. (18) .
MATERIALS AND METHODS

Cells
R-loop analysis. Immediate-early FV3 mRNA was partially purified by hybridization to and elution from the XbaI F fragment of FV3 DNA immobilized on nitrocellulose filters. This RNA was hybridized to purified XbaI F fragments by using the conditions described for S1 nuclease mapping by Berk and (Fig. 1C) . The 486-bp HpaII fragment was cfoned upstream from the cat gene in two steps. First, the 'HpaII fragment was inserted into the pUC13 AccI site, which allowed selective isolatiQn of Lac-E. coli JMiO1 transformants containing the insert; neither the AccI nor the HpaII site was regenerated. In the' second step, the fragment was excised with PstI and SmaI, which closely flank th'e AccI site of the pUC13 cloning cartridge. As a result, the fragment inserted in the promoter cloning vector pBS-CAT to form pBS489PCAT contained some pUC13 sequences: 3 bases at the 5' (or PstI) end and 18 bases at the 3' (or SmaI) end. Orientation of the 489 promoter in relation to cat was confirmed by restriction analysis.
DNA sequence analysis. Sequencing was by the dideoxy chain termination method (31) with the 1,640-bp XbaI-PstI fragment cloned into M13mplO and M13mpll. The sense strand was sequenced by using the mpll clone as the template; the anti-sense strand was cloned by using mplO.
RESULTS
The gene encoding ICR489 located near the end of the XbaI F fragment. Figure 1A shows the XbaI restriction map of FV3 DNA. Only the XbaI F fragment hybridized to 32p_ labeled ICR489 (results not shown), indicating that this fragment contained all of the corresponding gene. R-loop analysis (6) of the hybridization product of XbaI-F with partially purified 2ICR489 showed that the gene was located at one end of the XbaI F fragment (Fig. 2 ). In addition, since only one R loop was detected and its size (-1,300 nucleotides) approximated that of ICR489 measured in denaturing polyacrylamide gels (39) , splicing was either absent or very limited. The appropriate end of the XbaI F fragment was separated from PstI digests of XbaI F (Fig. 1B) by agarose gel electrophoresis. In Southern blots of these digests, 32P-labeled ICR4892 hybridized only to the XbaI-PstI 1,640-bp fragment (Fig. 1C ). This fragment was eluted from agarose gels (18) and was cloned into M13mplO and M13mpll, which allowed sequencing of both strands.
Sequence of the gene that encodes ICR489. The sequence of the entire XbaI-PstI fragment is shown in Fig. 3 Figure 5A and B show the 5' and 3' ends, respectively. At the 5' end, there was a major protected fragment starting 312 bases in from the PstI site (Fig. 3) . A secondary site was found five bases downstream, and several minor bands were also observed. These bands may represent minor start sites or they may be artifacts caused by RNA degradation or nuclease nibbling (15) . A presumptive TATA box was located at bases -41 to -35 from the major start site (Fig. 3) . The sequence, AATAAAA, deviated from the consensus TATAAAA by one base. Whether this change is the cause of the minor start sites is not known, but lack of a classical TATA box has the potential to cause microheterogeneity at the 5' end of a message (27) . At the 3' end, heterogeneity of the transcript was also detected. Major protected fragments were at 76, 78, and 80 bases downstream from the translation stop codon, and several minor bands were present (Fig. SB) (38) .
Promoter function of the 5'-flanking sequences. To confirm that the 5'-flanking sequences of ICR489 could act as a promoter, a 486-bp HpaII fragment was inserted into a promoter assay vector 5' to the gene coding for the bacterial enzyme CAT. The inserted promoter fragment contained the 291 bases upstream from the major start point of transcription and extended 195 bases downstream from this site (Fig.  1C) . The resulting plasmid construct, pBS489CAT (Fig. 6) , was transfected into FHM cells, and the synthesis of CAT was measured as described in Materials and Methods. The results of the CAT assay are shown in (Fig. 1C) , 5' labeled at the Sau3A end and hybridized to RNA from FV3-infected cells; lane GA, corresponding G+A sequencing (Maxam and Gilbert) ladder used to determine the size of the protected fragments. To the right of this ladder is the sequence of the anti-sense strand in the region of the start-site. Large arrowheads and small arrows designate major and minor start sites, respectively. (B) Stop site. Lane descriptions are similar to those above, except the protected fragments were from a 174-base XhoII-XbaI fragment (Fig. 1C) virion all the enzymes necessary to transcribe early viral mRNA in the cytoplasm (25) .
Transcription of FV3 in infected cells also proceeds in a highly controlled fashion, with three classes of transcriptsimmediate-early, delayed-early, and late transcripts-whose AC synthesis is dependent on the cascade production of specific viral proteins (11, 39) . Although FV3 virions are assembled in the cytoplasm, like vaccinia virus (for a review, see reference 35) , early viral mRNA is synthesized in the nucleus by the cooperative interaction of host-cell RNA poly-L merase II (9) and a virion-associated protein (41) . In this CM * * * respect, FV3 more closely resembles herpes simplex virus 1, * ** in which a virion protein has been shown to greatly increase transcription of the a genes (24) . However, in contrast to herpes simplex virus 1, and similar to vaccinia virus, purified FV3 DNA is not infectious (40) . Therefore, the requirement for the FV3 virion protein(s) to initiate immediate-early lated derivatives (AC) and counting in a liquid scintillation system. and 3' ends of ICR489, as analyzed by mung bean nuclease analysis (15) . At the 5' end, this heterogeneity could be explained by the lack of a classical TATA box, a situation and the researchers suggested that overexpression of a gene that has been shown to cause aberrations at the 5' ends of normally controlled by at least one of the early products transcripts from simian virus 40 (22) . At the 3' end, the lack could account for the results. In addition, the explanation is of the poly(A) addition signal site, AATAAAA, may have consistent with ICR489 overproduction in cells infected in contributed to the fact that the signal here was different from the presence of cycloheximide (39) (Fig. 8 ) has been shown, by mutational analysis, to be important for promoter activity; a deletion of the region caused a 98.5% reduction in CAT activity (34) . This 21-bp cis-responsive region had no significant homology (less than 50%) to the promoter region of the gene encoding ICR489 (Fig. 8) bearing on termination is not known, but it is interesting that a similar sequence was found at the termination site of ICR169 (Fig. 8 ) (33) .
The genes encoding ICR489 and ICR169 are both immediate early, and both appear to be activated by a virionassociated protein(s) (41) (Fig. 7) , but their promoters showed no significant homology in DNA sequence. It is possible that the gene encoding ICR489 is an exception among the immediate-early genes. In the laboratory of one of us (A.M.A.), another immediate-early gene has been examined; a sequence that does have significant homology to the promoter from the gene encoding ICR169 is present. However, it is positioned at a greater distance from the 5' end of the message, as determined by Si nuclease mapping. In addition, ICR489 is overproduced in extracts from cells grown in the presence of cycloheximide (39) . The most likely explanation is that a protein having negative control over ICR489 production is not made in the presence of cycloheximide. Consistent with this are the CAT assay results showing overexpression from the ICR489 promoter in cells infected with UV-inactivated virus. This finding would be expected if a negative effector were not functional under these conditions. Overproduction has not been reported for other immediate-early FV3 transcripts, which supports the possibility that the regulation of ICR489 is exceptional among immediate-early transcripts. The question remains of how the temporal expression of two genes with diverse promoters is concomitantly regulated. One possibility consistent with the difference in promoter sequences is that the virion proteins needed to activate each of these genes are not identical and therefore have different recognition sites. This hypothesis may be testable by separating and purifying virion proteins and introducing them into transfected cells by microinjection (17) . A mutational analysis of the specific sequences required for ICR489 promoter function is currently under way in our laboratory (D.W.).
As more FV3 genes are sequenced, the significance of promoter sequence and structure on temporal expression should become clearer. In particular, we will know whether the promoter for ICR489 is an exceptional case among the immediate-early genes and whether the delayed-early and late gene promoters have marked sequence distinctions from the immediate-early promoter sequences. Finally, the finding that the genes for both ICR489 and ICR169 required activation by an FV3 protein suggests that trans-acting proteins play an important role in FV3 regulation.
